Acute rejection of human allografts has been viewed mostly through the lens of adaptive immunity, and the intragraft landscape of innate immunity genes has not been characterized in an unbiased fashion. We performed RNA sequencing of 34 kidney allograft biopsy specimens from 34 adult recipients; 16 were categorized as Banff acute T cell-mediated rejection (TCMR) and 18 as normal. Computational analysis of intragraft mRNA transcriptome identified significantly higher abundance of mRNA for pattern recognition receptors in TCMR compared with normal biopsies, as well as increased expression of mRNAs for cytokines, chemokines, interferons, and caspases. Intragraft levels of calcineurin mRNA were higher in TCMR biopsies, suggesting underimmunosuppression compared with normal biopsies. Cell-type-enrichment analysis revealed higher abundance of dendritic cells and macrophages in TCMR biopsies. Damage-associated molecular patterns, the endogenous ligands for pattern recognition receptors, as well markers of DNA damage were higher in TCMR. mRNA expression patterns supported increased calcium flux and indices of endoplasmic, cellular oxidative, and mitochondrial stress were higher in TCMR. Expression of mRNAs in major metabolic pathways was decreased in TCMR. Our global and unbiased transcriptome profiling identified heightened expression of innate immune system genes during an episode of TCMR in human kidney allografts.
Introduction
Kidney transplantation is a life restorative procedure (1, 2) , but multiple challenges still exist (3) . Transplantation is a unique situation from an immunological perspective in that 2 diploid genomes are brought together at the time of transplant surgery (4) . Immunological injury to the allograft results from the interactions between the donor and recipient genomes. Acute allograft rejection (AR) is a major risk factor for long-term graft failure (5, 6) . While the clinical application of potent immunosuppressive and anti-infective prophylactic drugs is a major reason for the current success rates, there is continuing need for better understanding of the alloimmune response to further optimize patient outcomes.
The host defense responses are often categorized into innate and adaptive components (7) . Alloimmunity is considered an adaptive immune response, as it represents an adaptation that occurs during the lifetime of an individual. Adaptive immunity is antigen specific and reciprocal cognate interactions between T cells and B cells play key roles in the generation of alloimmune responses. Our current armamentarium of immunosuppressive drugs is designed primarily to keep the adaptive immunity in check.
After remaining in the background for decades, the role of innate immunity as a significant driver of alloimmune response is increasingly recognized (7) (8) (9) . However, interrogation of innate immunity after transplantation is mostly in the context of ischemia-reperfusion injury. There is an unmet need for the investigation of innate immunity during an episode of AR, especially in human organ transplants (10, 11) . The activation of innate immunity in the immediate posttransplant period in the context of Acute rejection of human allografts has been viewed mostly through the lens of adaptive immunity, and the intragraft landscape of innate immunity genes has not been characterized in an unbiased fashion. We performed RNA sequencing of 34 kidney allograft biopsy specimens from 34 adult recipients; 16 were categorized as Banff acute T cell-mediated rejection (TCMR) and 18 as normal. Computational analysis of intragraft mRNA transcriptome identified significantly higher abundance of mRNA for pattern recognition receptors in TCMR compared with normal biopsies, as well as increased expression of mRNAs for cytokines, chemokines, interferons, and caspases. Intragraft levels of calcineurin mRNA were higher in TCMR biopsies, suggesting underimmunosuppression compared with normal biopsies. Cell-type-enrichment analysis revealed higher abundance of dendritic cells and macrophages in TCMR biopsies. Damage-associated molecular patterns, the endogenous ligands for pattern recognition receptors, as well markers of DNA damage were higher in TCMR. mRNA expression patterns supported increased calcium flux and indices of endoplasmic, cellular oxidative, and mitochondrial stress were higher in TCMR. Expression of mRNAs in major metabolic pathways was decreased in TCMR. Our global and unbiased transcriptome profiling identified heightened expression of innate immune system genes during an episode of TCMR in human kidney allografts.
ischemia-reperfusion injury does not fully explain its role in AR, which typically happens weeks to months after transplantation.
To fill gaps in our knowledge of the innate immune system's role in AR, we performed RNA sequencing of human kidney allograft biopsies and computational analysis of gene expression pattern and strengths. Our identification of heightened intragraft expression of innate immune system genes in biopsies categorized as acute T cell-mediated rejection (TCMR) compared with normal biopsies (Normal) brings into sharp focus the association between innate immunity and TCMR, a process hitherto viewed mostly through the lens of adaptive immunity.
Results
Study groups, kidney allograft biopsies, RNA sequencing, and transcriptome analysis. We studied the mRNA transcriptome of 34 kidney allograft biopsies from 34 adult kidney transplant recipients; 16 biopsies were categorized as TCMR per the Banff 2017 update of the Banff 1997 classification of allograft pathology, a standardized international nomenclature and classification schema for kidney allograft pathology (Supplemental Figure 1A , Supplemental Table 1 , and ref. 12 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.128014DS1). These 16 biopsies were done in recipients with graft dysfunction (for-cause biopsies) prior to treatment with antirejection therapy. The remaining 18 biopsies were categorized as normal/nonspecific (Normal) and were done in recipients with stable graft function while on maintenance immunosuppression (surveillance biopsies). Immunostaining of biopsies confirmed the higher abundance of CD3 + T lymphocytes in TCMR. Biopsies were reported independently by 2 transplant pathologists at our center.
We isolated total RNA from the stored allograft biopsy specimens and used 400 ng of total RNA from each biopsy tissue (RNA integrity number 7.8 [7.0-8.5 ], median [IQR] , in TCMR and 8.2 [7.4-8.7] in Normal) to sequence the mRNA transcriptome. In this report, the terms mRNA expression and mRNA abundance are used interchangeably. A gene was considered expressed in the TCMR or Normal group when its normalized mRNA count was ≥1 count per million mapped reads (CPM) in at least 1 sample in that group.
We identified 16,381 protein-coding genes including mitochondrial genes; 6441 (39.3%) were differentially expressed between TCMR and Normal biopsies at P adjusted for FDR (P-FDR) <0.05. Among the 6441, the abundance of 3622 (56%) was higher and that of 2819 (44%) was lower in TCMR compared with Normal biopsies (Supplemental Figure 1, B-D) . The difference in mRNA abundance between TCMR and Normal was expressed as fold change (FC); a value of 1 corresponds to no difference in expression between TCMR and Normal (TCMR/Normal = 1). We cataloged the genes of the innate immune system based on published literature and public databases (13) (14) (15) . We followed the Human Genome Organization (HUGO) Gene Nomenclature Committee (HGNC) approved names for each gene (16) .
Transmembrane and cytosolic pattern recognition receptors in TCMR. We first analyzed the expression of mRNAs for pattern recognition receptors (PRRs), the cornerstone of the innate immune system, in TCMR and Normal biopsies. PRRs (which include membrane-bound TLRs) are distinct sensors of cells of the innate immune system programmed to detect invariant molecular patterns (17) (18) (19) (20) (21) . Among the 10 TLRs previously reported in humans, 9 were expressed in the kidney allografts. The abundance of all 9 mRNAs encoding TLRs was significantly higher in TCMR compared with Normal biopsies ( Figure 1A and Supplemental Table 2A) . TLR9 was not expressed in the kidney allograft. mRNA expression of myeloid differentiation primary response 88 (MYD88), a key signal transducer of TLRs that leads to the activation of nuclear factor kappa-light-chainenhancer of activated B cells (NFKB), interferon (IFN) regulatory factor (IRF), and nuclear factor of activated T cells (NFATC), was higher in TCMR (FC 2.1, P-FDR < 0.0001). The associations between TLR and its key signal adapters/transducers are shown in Supplemental Table 2B and Supplemental Figure 2 , A-C).
Transmembrane C-type lectins (CLECs), C-type lectin receptors (CLRs), and mannose receptors are expressed by macrophages and dendritic cells (DCs). Of the 38 CLRs and mannose receptors previously identified in humans, mRNAs for 28 of 38 were expressed in the kidney allograft biopsy and 23 of the 28 were differentially expressed between TCMR and Normal ( Figure 1B and Supplemental Table 3 ).
Of the 25 transmembrane nucleotide-binding oligomerization domain-containing (NOD) proteins and NOD-like receptors (NLRs) found in humans, 19 NLRs were expressed in the 34 kidney biopsy samples. Among them, 13 were different between TCMR and Normal biopsies ( Figure 1C and Supplemental Table 4 ). Except NLRP6, the other NLRs and Pyrin family members that constitute the inflammasome were higher in TCMR compared with Normal.
Cytosolic retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) consist of 3 members, DDX58, IFIH1 (MDA5), and DHX58 (LGP2), and recognize viral RNAs and DNAs in the cytoplasm. They associate with an adaptor protein MAVS (IFN-β promoter stimulator 1). DDX58 and IFIH1 were higher in TCMR biopsies ( Figure 1D ).
By gene-set testing, a differential expression analysis in which a P value is assigned to a set of genes as a unit, there was upregulation of the TLRs, CLRs, NLRs, and RLRs in TCMR, and by pathway enrichment analysis, the signaling pathways of TLRs, CLRs, NLRs, and RLRs were enriched in TCMR biopsies (Supplemental Table 5 ).
Our unbiased deep sequencing of human kidney allografts and data analysis revealed higher abundance of PRRs in TCMR compared with Normal at the single-gene level, gene-set level, and at the level of pathway enrichment.
Caspases, chemokines, cytokines, IFNs, and TNF in TCMR. Signaling through PRRs activates inflammatory caspases, NF-κB, IRF, and NFATC transcription factors (22, 23) and triggers the expression of cytokines, Figure 1 . Differential intragraft abundance of mRNAs encoding transmembrane and cytosolic PRRs in human kidney allografts. On the y axis, a fold change value of 1 (horizontal line) corresponds to no difference in expression levels between TCMR and Normal biopsies, TCMR/Normal = 1. For values plotted above 1, mRNA abundance in TCMR is higher than in Normal. For values plotted below 1, mRNA abundance in Normal is higher than in TCMR. Fold change was calculated using edgeR. The P-FDR is the probability value adjusted for FDR using the Benjamini-Hochberg method. The x axis is the log 10 P-FDR values; for example, a value of -5 corresponds to P-FDR = 0.00001. The 3 vertical lines correspond to P-FDR < 0.05, < 0.01, and < 0.001, respectively. (A) mRNAs for transmembrane TLRs. chemokines, IFNs, and TNF. We therefore analyzed their expression in biopsies classified as TCMR or Normal. All 4 inflammatory caspases including caspase 1, the proinflammatory IL-1-converting enzyme that cleaves pro-IL-1β into active IL-1β, were higher in TCMR (Figure 2, A and B ). There was a positive association between caspase 1 and TLR2 or NLRP3 (Figure 2 , C and D). Of the apoptotic caspases, caspase 9, the essential initiator caspase required for apoptosis signaling through the mitochondrial pathway, was significantly decreased in TCMR (FC -1.45, P-FDR < 0.001), whereas caspase 3, the apoptosis-executioner caspase that is directly activated by granzyme B and FasR, was significantly increased in TCMR (FC 1.94, P < 0.0001). The associations between the NLRs and the caspases are shown in Supplemental Table 6 . T cell differentiation chemokines CXCL1 and CCL2; T cell chemotactic chemokines CXCL9, CXCL10, and CXCL11; NK cell chemotactic chemokines CCL3, CCL4, and CCL5; inflammatory cytokines including IL1B and IL6; IFN-α receptors, IFN-γ, IFN-ε, and TNF-α, were all higher in TCMR biopsies compared with Normal biopsies (Figure 3 , A-C).
Our computational analysis identifying increased expression of genes downstream of PRR signaling suggests a mechanism for the inflammatory milieu and T cell activation conducive to TCMR.
Secreted PRRs and complement system proteins in TCMR. Secreted PRRs activate complements, especially the classical and lectin pathways (24) . We therefore analyzed the expression of mRNAs for secreted PRRs and complements in TCMR and Normal biopsies. Among the 12 mRNAs encoding secreted PRRs expressed in the kidney allografts, the intragraft abundance of 8 mRNAs was significantly different between TCMR and Normal biopsies. Of the 8 mRNAs, 7 were higher in TCMR (Supplemental Table 7A ).
Abundance of mRNA for C1Q, the key activator of the classical complement pathway, was higher in TCMR compared with Normal biopsies. All 3 complement activation pathways (classical, alternative, and lectin) culminate in C3, the central step in complement activation. mRNA levels of C3 were higher in TCMR (FC 8.2, P-FDR < 0.0001). The receptor for C3, C3AR1, was significantly higher in TCMR (FC 5.11, P-FDR < 0.0001). Of the classical pathway C3 convertase proteins C4 and C2, C2 was Figure 2 . Intragraft abundance of mRNAs encoding caspases in human kidney allograft biopsies. mRNA abundance of inflammatory (A) and apoptosis caspases (B) in TCMR and Normal. The number in each box plot is the median value of mRNA abundance as fragments per kilobase of exon per million reads mapped (FPKM), which normalizes the RNA sequencing data for sequencing depth (per million scaling factor) and the gene length (per kilobase scaling factor) and was assessed with Cufflinks. The fold change (FC) values shown beneath the x axis and the P-FDR were calculated using edgeR. Signaling through PRRs activates caspases. There were strong associations between several PRRs and caspases. As an example, the association between mRNA expression levels of the key inflammatory caspase, caspase 1, and TLR2 (C) or NLRP3 (D) are shown. The strength of the association is expressed as the coefficient of determination (r 2 ). NLRP3 is a key component of the inflammasome, which is a multiprotein complex of receptors and sensors that regulate the activation of caspase 1 and induce inflammation.
expressed at very low levels, while C4 was significantly higher in TCMR than Normal. mRNA levels of alternative pathway complement proteins CFB, CFD, CFH, and CFP, were higher in TCMR but the key lectin pathway activating proteins, MASP1 and MASP2, were not different between TCMR and Normal. Abundance of C3 receptor (C3AR1), C5 receptor (C5AR1), as well as C3 regulators CR1 (CD35), ITGAX (CD11c), ITGB2 (CD18), ITGAM (CD11b), and VSIG4 were higher in TCMR. Downstream of C3, the mRNAs levels of C5, C6, C7, and C8, all components of the membrane attack complex, were not different between TCMR and Normal, and all except C7 were expressed at very low levels. The terminal component C9 was not expressed in the kidney allograft ( Figure 4 , A-D, and Supplemental Table 7 , B-D).
Our analyses reveal the higher abundance of secreted PRRs and several key classical and alternative pathways complement components in TCMR. However, the low level of expression and lack of significant difference between TCMR and Normal of the downstream complement components C5 through C9 suggests the absence of canonical cascade reaction of the complement system in TCMR.
Pathogen-associated molecular patterns in TCMR. As PRRs were higher in TCMR, we investigated whether the ligand for PRRs, pathogen-associated molecular patterns (PAMPs), the microbe-specific small-molecule motifs recognized by PRRs, were also higher in TCMR. None of the 34 kidney recipients had symptoms/ signs of active infection at the time of kidney allograft biopsy or in the immediate pre-and postbiopsy period. Our analysis using Kraken (25) , a bioinformatics tool that aligns the RNA sequencing data with metagenomic annotation databases, identified 287 microbiota (235 bacteria and 52 viruses) in the 34 kidney biopsies. The total counts of the 287 microbiota transcripts were lower in TCMR biopsies compared with Normal biopsies (log 2 CPM 5.12 vs. 5.69, P < 0.0001, Mann-Whitney test).
Our analyses showing that the pathogen counts were not increased in TCMR suggest that PAMPs were unlikely to be responsible for the increased expression of PRRs during an episode of TCMR.
Damage/danger-associated molecular patterns in TCMR. Damage/danger-associated molecular patterns (DAMPs) are ligands for PRRs (26) . We analyzed the expression pattern of mRNAs encoding DAMPs in the biopsies. Among the 27 mRNAs for the DAMPs expressed in the kidney allograft, the abundance of 17 mRNAs was significantly different between TCMR and Normal biopsies (Supplemental Table 8 ). Sensors of cellular and mitochondrial damage such as FPR1 (FC 12.4, P-FDR < 0.0001), a high-affinity receptor for N-formyl-methionyl peptides, and its 2 low-affinity receptor isoforms FPR2 (FC 9.3, P-FDR < 0.0001) and FPR3 (FC 6.2, P-FDR < 0.0001) were both higher in TCMR biopsies. Bacteria and mitochondria are the only source for N-formyl peptides in nature (27) . CD44, a receptor for the extracellular matrix component hyaluronan (HA), was higher (FC 2.6, P-FDR < 0.0001) in TCMR. Tissue injury leads to extracellular matrix breakdown, including the degradation of HA, which signals through a receptor complex of TLR4, CD44, and LY96, to activate NF-κB. P2RX7, a potent activator of NLRP3 inflammasome and a receptor for extracellular ATP, was higher in TCMR (FC 5.2, P-FDR < 0.0001). Sensing of extracellular ATP by P2X7R promotes calcium influx and activation of the intracellular ATP export channel PANX1 (28) . mRNA expression levels of PANX1 were higher (FC 1.5, P-FDR < 0.01) in TCMR. Low intracellular ATP together with sustained calcium influx activates AMP-activated protein kinase (AMPK), which acts as a sensor of cellular energy status (29) . Pathway enrichment analysis showed that the AMPK signaling pathway was enriched in TCMR (P-FDR < 0.0001). Abundance of hypoxia-inducible factor 1α (HIF-1α), a transcription factor that functions as a master regulator of oxygen homeostasis, was higher (FC 1.8, P-FDR < 0.0001) in TCMR together with CYBB (NOX2; FC 6.4, P-FDR < 0.0001), a critical component of the membrane-bound oxidase of phagocytes that generates superoxide and is activated by hypoxia. Thioredoxin is a thiol-oxidoreductase that is a major regulator of cellular redox signaling protecting cells from oxidative stress. TXNIP, thioredoxin-interacting protein, is a DAMP that was higher in TCMR (FC 1.8, P-FDR < 0.0001). It inhibits the antioxidative function of thioredoxin, resulting in the accumulation of reactive oxygen species (ROS) and cellular stress ( Figure 5 , A-D).
Taken together, our analysis suggests that the ligands for signaling through PRRs in TCMR are more likely to be DAMPs rather than PAMPs, and the higher DAMPs in TCMR compared with Normal is likely due to cellular and mitochondrial stress.
Indicators of DNA damage in TCMR. As the source of DAMPs is cellular stress and damage, we investigated for markers of DNA damage in TCMR. The 3 key DNA damage sensors, ATM and PRKDC (DNA-PK), which recognize DNA double-strand breaks, and ATR, which recognizes DNA replication stress (30), were higher in TCMR ( Figure 6 , A and B). Changes in chromatin structure can lead to activation of ATM at the damage site and recruitment of proteins involved in DNA repair. Of the 14 proteins that are described to participate in repair of double-strand breaks and expressed in the kidney allograft, 9 were higher in TCMR. Of the 8 proteins that participate in the repair of damage caused by replication stress and expressed in the kidney allograft, 3 were higher in TCMR (Supplemental Table 9 , A-C). Of the 9 cytosolic nucleic acid sensors, 7 were higher in TCMR. TP53 (p53), a transcription factor that is involved in DNA repair (31) , and CDKN1A (P21), which is activated by p53 and which inhibits cellular proliferation in response to DNA damage, were higher in TCMR (FC 1.4, P-FDR < 0.001, and FC 1.7, P-FDR < 0.01, respectively; Figure 6 , C and D). By gene-set testing, DAMPs and DNA damage and nucleic acid sensors were upregulated in TCMR (Supplemental Table 10 ). . Kidney allograft expression of mRNAs encoding DNA damage sensors in TCMR and Normal. Expression of 2 key DNA damage sensors, ataxia telangiectasia mutated (ATM) (A), a serine-threonine kinase that recognizes DNA double strand breaks, and ataxia telangiectasia and Rad3 related (ATR) (B), a serine-threonine kinase that recognizes DNA replication stress, in TCMR and Normal. Another key sensor, PRKDC (DNA-PK), was also increased in TCMR (FC 1.22, P < 0.05). All 3 DNA damage checkpoint proteins activate p53 (C), a tumor suppressor protein that activates either the DNA repair pathway or apoptosis pathway. CDKN1A (P21) (D) is a cyclin-dependent kinase inhibitor that is activated by p53, thus linking DNA damage to cell cycle arrest.
Our analysis reveals increased abundance of markers of DNA damage in TCMR, suggesting cell injury and death as the source of DAMPs in TCMR.
DCs and macrophages in TCMR. Because DCs and macrophages are the commonest cell types that express PRRs, we evaluated intragraft abundance of genes related to DCs and macrophages. The abundance of mRNA for CD209, a transmembrane receptor expressed on the surface of DCs and macrophages, was significantly higher in TCMR biopsies than Normal biopsies (FC 3.9, P-FDR < 0.0001). Cell-type-enrichment analysis using xCell (32) showed high scores for activated DCs in TCMR compared with Normal (median 0.44 vs. 0.06, P < 0.0001, Mann-Whitney test). Similarly, the total macrophage score was higher in TCMR (0.0273 vs. 0.0044, P < 0.01; Figure 7 , A and B).
Our analysis reveals that the expression of genes encoding DCs and macrophages, the commonest cell types that express PRRs, are increased in TCMR compared with Normal.
Immunosuppressive status in TCMR. Our unbiased characterization of the intragraft transcriptome of human kidney allografts revealed innate immune system genes to be overexpressed in TCMR compared with Normal biopsies. Immunosuppressive drugs are essential for the prevention of rejection of allografts. Because recipients in the Normal group had stable graft function and normal/nonspecific histopathological findings, we considered them to have an immune system that was adequately suppressed and wondered whether an undersuppressed immune system could be the basis for activation of the innate immune system Figure 7 . Cell-type enrichment scores for DCs and macrophages in TCMR and Normal. Distribution of cell-type enrichment scores for DCs (A) and macrophages (B) in individual TCMR and Normal samples. We used xCell, a bioinformatics tool, to provide an enrichment score for different cell types that allow comparison of cell types across samples (not across cell types within a sample). The y axis represents the xCell enrichment score (not a percentage). The height of each stacked bar column represents the total DC or macrophage xCell score for that sample. The figure also depicts box plots of total DC score (C) and total macrophage score (D) in TCMR and Normal. The difference in total DC score and the total macrophage score between TCMR and Normal were statistically significant by Mann-Whitney test.
in TCMR. In order to assess whether the immune system is differentially suppressed during TCMR compared with Normal, we analyzed abundance of mRNA for calcineurin, the primary target of commonly used immunosuppressant tacrolimus. Four of the 5 reported isoforms of calcineurin were expressed in the kidney and mRNA levels of PPP3R1 (regulatory subunit α) were higher (FC 1.2, P-FDR < 0.05) in Figure 8 . Kidney allograft expression of mRNAs encoding calcineurin PPP3R1 and inosine-5′-monophosphate dehydrogenase 1 (IMPDH1) in TCMR and Normal. Intragraft mRNA abundance of calcineurin isoform PPP3R1 (protein phosphatase 3 regulatory subunit B, α) (A), and IMPDH1 (B) in TCMR and Normal. In the box plots, the 2 dotted red lines represent the 95% confidence interval of the Normal group. Calcineurin, a phosphatase made of 2 proteins, CNA and CNB, cleaves phosphate from serine and threonine in proteins. CNA possesses the phosphatase enzymatic activity and binds calmodulin. CNB binds Ca 2+ directly and regulates the activity of CNA. Tacrolimus acts as an immunosuppressive drug by binding to and inhibiting calcineurin. We used PPP3R1 mRNA abundance as a marker of calcineurin inhibition. Mycophenolate acts by inhibiting IMPDH, an enzyme that catalyzes the oxidation of inosine monophosphate to xanthosine monophosphate, which is the rate-limiting step in the de novo biosynthesis of guanine nucleotide. We used IMPDH1 mRNA abundance as a marker of mycophenolate action. Scatter plots depict the association between calcineurin isoform PPP3R1 and NFATC2, a key transcription factor necessary to produce the T cell proliferative cytokine IL-2 (C), between IMPDH1 and a T cell score derived by xCell (D), and between PPP3R1 and IMPDH1 (E). We used NFATC2 as a marker of the effect of calcineurin inhibition on T cells. We used T cell xCell score as a marker of the effect of mycophenolate on T cells. One patient in the TCMR group who did not receive tacrolimus is shown in red in the scatter plot.
TCMR compared with Normal biopsies ( Figure 8A ). The other 3 calcineurin isoforms, PPP3CA (catalytic subunit α), PPP3CB (catalytic subunit β), and PPP3CC (catalytic subunit γ), were also higher in TCMR compared with Normal biopsies but the differences were not statistically significant (Supplemental Figure 3 A ). There was a strong positive association (r 2 = 0.76) between calcineurin (PPP3R1) and NFATC2 ( Figure 8C ). The transcription factor NFATC2 regulates T cell activation, differentiation, and development. We examined whether the tacrolimus trough level at the time of biopsy was different between TCMR and Normal groups. The whole-blood tacrolimus trough level was 5.2 ng/mL (median, IQR 4.2-6.7) in TCMR and 7.0 ng/mL (6.0-8.7) in Normal (P < 0.01, Mann-Whitney test).
The commonly used immunosuppressive drug mycophenolate acts by blocking IMPDH, an enzyme that catalyzes the rate-limiting step in the de novo biosynthesis of guanine nucleotide. The mRNA level of IMPDH1 isoform was higher (FC 1.7, P-FDR < 0.001) in TCMR ( Figure 8B ). IMPDH2 mRNA was not significantly different (Supplemental Figure 3A) . There was a strong positive association (r 2 = 0.74) between IMPDH1 mRNA and xCell T cell score ( Figure 8D ), but not between IMPDH2 and T cell score or between IMPDH1 and IMPDH2 (Supplemental Figure 3B) . A positive linear association, however, was observed between PPP3R1 and IMPDH1 (r 2 = 0.67; Figure 8E ). Our results demonstrating that mRNAs for key targets of clinically used immunosuppressive drugs are in higher abundance in Normal biopsies compared with TCMR biopsies provide a mechanism for the heightened expression of innate immune system genes in biopsies manifesting TCMR. out of cells (33) . Expression of the SERCA ATP2A3 and the PMCAs ATP2B1 and ATP2B4 was higher in TCMR (FC 2.8, P-FDR < 0.0001, FC 1.3, P-FDR < 0.01, and FC 1.5, P-FDR < 0.001, respectively). Similarly, the expression of Na + /Ca 2+ exchangers SLC24A4 and SLC8A3, which pump Ca 2+ out of the cell, was higher in TCMR compared with Normal. (FC 3.8, P-FDR < 0.0001 and FC 2.2, P-FDR < 0.05, respectively; Supplemental Table 11 ).
Among the store-operated Ca 2+ channels, which are activated by depletion of ER Ca 2+ stores and facilitate Ca 2 entry from the extracellular milieu into the cytoplasm, ORAI1 and ORAI2 were higher (FC 1.29, P-FDR < 0.05, and FC 1.35, P-FDR < 0.01, respectively), whereas ORAI3 was reduced in TCMR (FC -1.4, P-FDR < 0.05; Supplemental Table 11 ). Intragraft abundance of STIM1 and STIM2, the membrane sensors of Ca 2+ depletion, was higher in TCMR but the P-FDR was >0.05. The mRNA expression of ITPR3, which facilitates release of ER-stored Ca 2+ into the cytoplasm, was increased (FC 1.9, P < 0.0001) in TCMR compared with Normal (Supplemental Table 11 ).
Mitochondrial calcium uniporter (MCU), the primary source of mitochondrial uptake of Ca 2+ from the cytosol, was increased in TCMR but the difference was not statistically significant (FC 1.2, P-FDR = 0.08). However, its dominant-negative paralog MCUB was significantly increased in TCMR (FC 3.94, P-FDR < 0.0001). The regulators of MCU, MICU1 and MICU2, were reduced in TCMR (FC -1.7, P-FDR < 0.0001, and FC -1.3, P-FDR < 0.001; Supplemental Table 12 ). The mRNA expression of TLR2 and MCUB was strongly associated (r 2 = 0.86). There was also a positive association between mRNA expression of calcineurin PPP3R1 and Ca 2+ pumps/channels (Supplemental Figure 4 , A-F). Our analyses demonstrating that mRNAs encoding key intracellular, ER, and mitochondrial Ca 2+ channels/pumps are increased in TCMR compared with Normal biopsies indicate calcium-dependent immune activation during TCMR.
Increased ER stress and oxidative stress in TCMR. As increased Ca 2+ flux can cause ER stress and oxidative stress, we evaluated whether the abundance of mRNAs encoding proteins implicated in cellular stress responses is increased in TCMR. ER stress activates the unfolded protein response (UPR). The major protein sensors on the ER membrane that initiate UPR, ERN1 (IRE1) and EIF2AK3 (PERK), were higher in TCMR (FC 1.5, P-FDR < 0.001, and FC 1.6, P-FDR < 0.0001, respectively). ERO1A (ERO1L), an oxidoreductase involved in the production of ROS, was higher in TCMR (FC 1.5, P-FDR < 0.0001). The UPR activates both the adaptive and proapoptotic pathways simultaneously. Interestingly, DDIT3 (CHOP), the master regulator of ER stressinduced apoptosis, was reduced in TCMR (FC -1.3, P-FDR < 0.05). PPP1R15A, a phosphatase that reverses the shutoff of protein synthesis initiated by stress-inducible kinases and facilitates recovery of cells from stress, was increased in TCMR compared with Normal (FC 1.2, P-FDR < 0.05; Supplemental Table 13 ).
NADPH oxidases (NOX) are the key producers of ROS within cells (34) . Phagocytic NOX2 (CYBB) together with neutrophil cytosolic factor 1 (NCF1), NCF2, and NCF4, which form the NADPH oxidase complex, were higher in TCMR. The infiltrating macrophages are likely to be the predominant source of NOX2, though it is also expressed in kidney cells. Expression levels of the cytochrome c oxidase COX4I1, the terminal oxidase in mitochondrial electron transport, were reduced together with downregulation of the electron transport chain. SOD1, the cytosolic isoform of superoxide dismutase which converts O 2 -to O 2 and H 2 O 2 , and CAT which converts H 2 O 2 to O 2 and H 2 O, were low in TCMR compared with Normal (FC -1.7, P-FDR < 0.001 and FC -1.7, P-FDR < 0.001, respectively). Interestingly, NOX4, the NOX isoform with highest expression levels in the kidney and produces H 2 O 2 constitutively and does not require other cytosolic oxidases for its activation, was lower in TCMR compared with Normal (FC -2.5, P-FDR < 0.01; Supplemental Table 14) .
Our analysis revealing that ER stress and cellular oxidative responses are increased in TCMR compared with Normal biopsies is consistent with increased abundance of mRNAs encoding channels/receptors conducive to an increased intracellular Ca 2+ turnover during TCMR. Mitochondrial stress and energy metabolism in TCMR. Because ER stress is linked to mitochondrial stress and because mitochondrial products were the major DAMPs in TCMR, we investigated mitochondrial stress and energy metabolism during TCMR.
Complex 1 of the electron transport chain consists of 46 subunits and catalyzes a 2-electron oxidation of NADH by ubiquinone. Of the 39 subunits expressed in the kidney, abundance was significantly low in 34. Abundance of all 4 subunits of complex II, which contains a bound flavin adenine dinucleotide (FAD) cofactor, was lower. mRNA levels of all subunits of complex III, which catalyzes the oxidation of 1 molecule of ubiquinol and 2 molecules of cytochrome c, were low. Similarly, the abundance of complex IV, which transfers electrons to oxygen while pumping protons across the membrane, was lower in TCMR compared with Normal.
Of the 39 differentially expressed glycolysis and gluconeogenesis genes, 30 were reduced in TCMR. mRNA levels of all 3 hexokinase isoenzymes (HK1, HK2, and HK3), which catalyze the first step of glycolysis to produce glucose-6-phophate, were higher in TCMR (FC 1.4, P-FDR < 0.05, FC 4.7, P-FDR < 0.0001, and FC 8, P-FDR < 0.0001, respectively). However, the abundance of mRNA for glucose-6-phosphate dehydrogenase (G6PD), a major producer of the electron donor NADPH in defense of oxidizing agents and the rate-limiting enzyme of the oxidative pentose-phosphate pathway, was not different between the 2 groups. All 3 key proteins of the pyruvate dehydrogenase complex were reduced in TCMR. Lactate dehydrogenase A (LDHA), which converts pyruvate to lactate, was higher (FC 1.38, P-FDR < 0.05), while LDHB, which converts lactate to pyruvate, was reduced (FC -1.64, P-FDR < 0.01) in TCMR (Supplemental Table 15 ).
All major citric acid cycle enzymes and enzyme complexes were reduced in TCMR (Supplemental Table 16 ). Only carnitine shuttle isoform CPT1B, which moves fatty acids (acyl-CoA) into the mitochondria, was significantly increased in TCMR (FC 1.7, P-FDR < 0.05), while nuclear protein CPT2, a mitochondrial membrane protein that is transported to the mitochondrial inner membrane and oxidizes longchain fatty acids, was lower in TCMR (FC -2, P-FDR < 0.001). MLYCD, which inhibits the transport of fatty acyl CoAs into mitochondria, and PANK1, a key regulator of coenzyme A, were reduced in TCMR. Enzymes involved in β-oxidation (initial breakdown of free fatty acids to acetyl-CoA) that include acylCoA dehydrogenase, enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase, and acetyl-coenzyme A acetyltransferases, were reduced in TCMR.
Of the 2 mitochondrial uncoupling proteins expressed in the kidney, UCP2 was significantly increased in TCMR compared with Normal biopsies (FC 3.7, P-FDR < 0.0001), while UCP3 was not different (FC 1.2, P-FDR = 0.3). Furthermore, mRNA expression of SIRT3, SIRT4, and SITR5, which are localized in the mitochondria and regulate the function of the TCA cycle, fatty acid oxidation, and electron transport chain, were significantly decreased in TCMR (FC -1.4, P < 0.0001, FC -1.9, P < 0.0001, and logFC -1.3, P < 0.01, respectively). We identified 102 mitochondrial genes not directly involved in oxidative phosphorylation or fatty acid β-oxidation: 77 ribosomal proteins, 18 mitochondria-encoded tRNAs, 2 mitochondrial encoded rRNAs, and 5 translocases of outer mitochondrial membrane complex. mRNA expression was low in 55 ribosomal proteins, 7 tRNAs, 2 rRNAs, and 5 translocases in TCMR. A clustering analysis of 41 significant energy metabolism and immune response pathways in the 16 TCMR samples is shown in Figure 9 .
Our analyses showing reduced glycolysis with reduced pyruvate substrate available for mitochondrial respiration in TCMR, and the downregulation of the TCA cycle, oxidative phosphorylation, and fatty acid β-oxidation together with reduced ribosomal proteins, tRNAs, rRNAs, and translocases are all indicative of mitochondrial dysfunction in TCMR compared with Normal biopsies.
PRRs and T cell costimulatory molecules in TCMR.
Because T lymphocytes are the primary effector cells in TCMR, and because signaling through PRRs can culminate in an inflammatory microenvironment conducive to the costimulatory signaling of T cells by the cells of the innate immune system, we assessed the relationship between the intragraft abundance of mRNAs for PRRs and the intragraft abundance of T cell costimulatory molecules CD86, CD28, CD40, and CD40LG. Clustering analysis based on the expression strength of mRNA for PRRs showed that the 34 kidney allograft samples clustered into 4 subgroups (Figure 10A) . We compared the expression of T cell costimulatory molecules CD86, CD28, CD40, and CD40LG among these 4 subgroups. The group with the highest expression of PRRs had the highest expression of costimulatory molecules, and the group with the lowest expression of PRRs had the lowest expression of costimulatory molecules ( Figure 10B ).
Our data demonstrating that the expression of PRRs is positively associated with the expression of T cell costimulatory molecules suggest a molecular basis for plenary T cell activation during an episode of TCMR.
Cell death in TCMR. Because T cell activation eventually results in target cell death, we assessed the major pathways of cell death in TCMR. Pathway names (red, immune response pathways; green, energy metabolism pathways) and numbers correspond to the KEGG pathway database. We used GAGE for pathway enrichment analysis. For a given pathway, the GAGE algorithm tests whether specific gene sets are significantly differentially expressed (each TCMR vs. all Normal) relative to the background whole gene set of 16,381 genes (each TCMR vs. all Normal) that we identified, using a rank-based 2-sample t test. For each gene set, a global P value is derived in a meta-test on the negative log sum of all P values from the individual TCMR vs. Normal comparisons. The stat mean is the mean of the individual statistics from multiple gene-set tests. Among the TCMR samples, the relationship of the stat mean between any 2 pathways is represented by the correlation coefficient (r) value. In the heatmap above, each square is the correlation coefficient, adjusted for multiple comparisons, of the 2 pathways. If the correlation coefficient is positive (blue), then both pathways are concordant (both are either up-or downregulated). If the correlation coefficient is negative (red), then both pathways are discordant (one is up-and the other is downregulated).
We studied the apoptosis, necroptosis, autophagy, and mitophagy pathways. Apoptosis and necroptosis pathways were significantly enriched in the upward direction (increased) in TCMR (P-FDR 3.46 × 10 -15 and 9.20 × 10 -15
, respectively). The autophagy pathway was not statistically different between TCMR and Normal. The mitophagy pathway was significantly enriched in the downward direction (decreased) in TCMR (P-FDR 1.146 × 10 -2 ). The key regulators of mitophagy, PINK1 and PRKN, were lower in TCMR (FC -1.66, P-FDR < 0.0001, and FC -1.59, P-FDR < 0.001, respectively).
Our analysis reveals that both apoptosis and necroptosis pathways of regulated cell death are active in TCMR. However, cytoprotective autophagy and mitophagy pathways are not increased in TCMR.
Validation of the increased abundance of innate immunity genes in TCMR. We selected a panel of key innate immune system mRNAs that were increased in TCMR and sought to confirm the increased abundance of their respective proteins. Immunostaining of TCMR and Normal biopsies for CD68, TLR4, NLRP1, and CASP1 proteins confirmed their increased abundance in TCMR (Supplemental Figure 5, A-H) .
Gene expression and time from transplantation to biopsy. As the median time from transplantation to biopsy was different in TCMR and Normal, we evaluated whether the higher abundance of key mRNAs of the innate immune system in TCMR was a reflection of the disease phenotype (TCMR vs. Normal) or the time from transplantation to biopsy (early vs. late).
There was no association between time from transplantation to biopsy and the abundance of a select panel of mRNAs including TLR2 (r 2 = 0.05), TLR8 (r 2 = 0.06), MYD88 (r 2 = 0.03), CLEC7A (r 2 = 0.04), CLEC10A (r 2 = 0.07), NLRP1 (r 2 = 0.04), or CASP1 (r 2 = 0.03; Supplemental Figure 6 , A-G), as well as the macrophage score (r 2 = 0.03) or DC score (r 2 = 0.02; Supplemental Figure 6 , H-I). We next analyzed the RNA sequencing data of 4 native nontransplant kidneys from a public database (proteinatlas.org) and compared the expression of the above mRNAs with that of TCMR and Normal. The mRNA expression of TLR2, TLR8, MYD88, CLEC7A, CLEC10A, NLRP1, and CASP1, as well as the macrophage and DC scores in the Normal group, were similar to the native nontransplant kidneys and were lower in abundance compared with TCMR (Supplemental Figure 7, A-I) .
Our analysis suggests that the intragraft expression of innate immune system genes is independent of time from transplantation. The differential intragraft expression is due to their higher abundance in TCMR rather than lower abundance in Normal, compared with native nontransplant kidneys.
Discussion
In this report, the first of its kind to our knowledge, we used RNA sequencing of kidney allograft biopsies and found that the mRNAs of key players of the innate immune system are in higher abundance in human kidney allograft biopsies displaying TCMR compared with biopsies categorized as Normal. Figure  11 is a formulation of the contributions and consequences of innate immune system activation during TCMR. Research elucidating the role of innate immunity in organ transplantation is primarily focused on the inflammatory milieu during the peritransplant period, including cytokine release and complement activation during brain death, mechanical injury during organ removal, and ischemia-reperfusion injury (8, 10, 35) . AR seldom occurs in the immediate posttransplant period; the activation of the innate immune system in AR vis-à-vis normal/stable graft function remains unclear. Understanding the role of innate immunity in AR is essential to better define the molecular events that lead to alloimmune inflammation and injury and facilitate the development of therapies that may improve responses to currently available therapies that primarily target the adaptive immune system.
We first studied PRRs, the primary sensors of danger/damage that enable maturation of antigen-presenting cells (APCs) and subsequent activation of the adaptive immune response. Our findings of increased expression of PRRs in TCMR compared with Normal, as well as the strong association between TLRs and MYD88, a key intracellular signaling molecule for TLRs, are consistent and extend the findings in preclinical models (7, 8, 35) . Skin grafts transplanted between mice mismatched for the male minor antigen are not rejected if both donor and recipient lack MYD88 (36) . TLR3 signaling does not require MYD88 but involves MAPK (37) . We observed a statistically significant association between TLR3 and MAPK but not with MYD88. NLRP3, the best-characterized inflammasome, was increased in TCMR. PRRs are also expressed in kidney parenchymal cells and play a role in a variety of kidney diseases (38) . In a recent study of kidney recipients, an NLRP3 gain-of-function single-nucleotide variant in donors was associated with an increased risk of AR, while a loss-of-function variant in the recipient was associated with a decreased risk of AR in the first year after kidney transplantation (39).
As signaling through PRRs culminates in an inflammatory microenvironment, we assessed cytokines, chemokines, IFNs, and TNF. Our findings of increased CXCL10 and CXCL9 in TCMR is supported by clinical data from multicenter studies of increased urinary CXCL9 and CXCL10 mRNA and protein as biomarkers diagnostic of TCMR (40, 41) .
We evaluated complements, which are activated by secreted PRRs. The liver is the main source of circulating complement proteins. Our findings of increased intragraft expression of complements suggest their production in the allograft itself. Extrahepatic production of complement is increasingly recognized, especially by the kidney cells and the immune cells (42) . In human kidneys, complement component C4 mRNA amount has been found comparable to that of the liver (43) . C1q, C1r, and C1s are synthesized in cells of myeloid origin, including macrophages and DCs, and are regulated by IFN-γ. C3 is produced by a variety of cells including the proximal tubular cells. Various immune cells secrete complements in their own microenvironment (42) . Emerging data indicate that immune cell-derived complement activation physiologically regulates immune cell survival and proliferation, modulating the strength and phenotype of adaptive T cell responses (44) .
We assessed if PAMPs are the primary drivers of the increased PRRs. Our observation of the lack of clinical symptoms or signs of active infection and the absence of significant increase in tissue microbiota in TCMR compared to Normal is consistent with literature showing that the principle triggers of inflammation after organ transplantation are likely to be endogenous rather than microbial in origin (45) . However, the role of human microbiota in modulating the immune system is emerging and gut, urinary, or tissue microbiota as initiators or modulators of the immune response directed against the allograft need to be further explored (46) .
We evaluated whether DAMPs are the primary drivers of increased PRRs in TCMR. Our analyses show that activation of the innate immune system through PRR signaling is not predominantly microbe driven but DAMPs driven. The major source of DAMPs are DNA and nucleic acid fragments, both of nuclear and mitochondrial origin (47) . We found evidence for DNA damage and repair in TCMR. This was consistent with clinical studies of TCMR that show positive staining for DNA fragmentation by TUNEL, tissue transglutaminase II, a marker of DNA damage, and 8-hydroxy-2′-deoxyguanosine, an indicator of oxidative injury of nucleic acids (48). We did not find HMGB1, a well characterized nuclear protein DAMP that plays an important role in ischemia-reperfusion injury of the kidney, to be higher in TCMR compared to Normal biopsy group (49) . Similarly, HSP, another well-characterized DAMP, was not higher in TCMR than in the Normal biopsy group. Together, our data suggest that the inciting event for TCMR is less likely to be the immune activation in the peritransplant period due to ischemia-reperfusion injury.
We assessed the primary cells of the innate immune system that express PRRs, the DCs, and found increased DCs in TCMR. At the time of transplantation, the donor DCs that accompany the graft migrate to secondary lymphoid organs of the host and function as APCs (50) . That the median time from transplantation to TCMR was 12 months in our study raises interesting questions regarding the origin of intragraft DCs during an episode of TCMR. Host and recipient DCs prime the adaptive immune response by 3 ways: direct allorecognition, semidirect allorecognition, and indirect allorecognition (51) . In an ear-skin-graft model, intravital imaging found donor DCs to emigrate rapidly from the graft and were replaced by host CD11b + mononuclear cells (52) . The current finding of increased DCs in TCMR is supported by clinical data from 105 kidney recipients, including 53 with rejection, that showed independent association between densities of DCs and T cells in allograft biopsies, and poor allograft outcomes (53) . The role of DCs in priming the immune response to the transplanted organ is well recognized. Recent preclinical studies have extended this fundamental paradigm by showing that DCs also sustain the alloimmune response outside the secondary lymphoid tissues in the graft (54) . Our observation of immature DCs in human TCMR compared with Normal biopsies provides support and extends the elegant preclinical observation that priming of T cells occurs in the allograft as well. The role of APCs is also played by macrophages (8, 11) . Our finding of increased macrophages in TCMR is consistent with immunohistochemical data demonstrating increased CD68 + macrophages in allograft biopsies of kidney recipients with TCMR (4, 55). We found increased M1 macrophages in TCMR, which are activated by IFN-γ, are proinflammatory, and act as an APC (56) . Interestingly, all biopsies had M2 macrophages that are involved in tissue repair and remodeling (57) .
Because the immune system must be suppressed to prevent rejection and drugs are the common means of achieving this, we asked the question whether the drug-induced immunosuppressed state was compromised in TCMR. In this study, whole-blood tacrolimus trough levels were significantly lower in the patients with TCMR than in patients with Normal biopsies. We found that the abundance of mRNA for calcineurin regulatory subunit, PPP3R1, is higher in TCMR compared with Normal. Although mononuclear cell NFAT-regulated gene expression as a surrogate of calcineurin inhibition has been studied as a pharmacodynamics monitoring tool (58) , calcineurin mRNA has not been measured in kidney recipients. Calcineurin is expressed in various tissues in humans, with maximal expression in the brain (59) . However, as the effect of tacrolimus on calcineurin mRNA is not known, we compared the calcineurin mRNA expression of the 4 native nontransplant kidneys. The levels of 4 calcineurin-isoform mRNAs in native nontransplant kidneys were higher compared with kidney graft recipients with normal biopsies. This provided reassurance that kidney tissue calcineurin mRNA in transplant recipients in the Normal group was indeed decreased compared with native nontransplant kidneys. Similarly, we found IMPDH1 mRNA to be increased in TCMR compared with Normal and the lowest levels were found in the native nontransplant kidneys. Both isoforms of IMPDH are expressed in various tissues in humans (59) . In peripheral blood mononuclear cells, induction of both mRNAs was observed after mitogenic stimulation and mycophenolic acid did not significantly alter the induction of mRNAs (60) . Clinical studies have shown an increase in levels of mononuclear cell IMPDH1 mRNA in stable recipients during the first 3 to 4 months of transplantation compared with pretransplant levels. There was an increase in IMPDH1 mRNA levels during AR compared with other time points within the first 2 years of transplantation (61, 62) .
Our analysis revealed increased expression of Ca 2+ pumps conducive to increased cellular Ca 2+ turnover. We found evidence for ER stress, oxidative stress, and mitochondrial stress and reduced energy metabolism in TCMR, and all point toward severe cellular stress in TCMR. Mitochondria and ER interact both physiologically and functionally, and Ca 2+ signaling is the critical link between the 2 organelles. Mitochondria-ER cross talk is mediated by protein misfolding within the ER, which causes Ca 2+ release into the cytoplasm that is taken up by the mitochondria and results in Ca 2+ overload and mitochondrial stress (63) . Oxidative phosphorylation was reduced in TCMR. Mitochondrial dysfunction is crucial for PRR signaling and mitochondrial products including mitochondrial DNA are an important source of DAMPs (64) . Importantly, TCMR was associated with increased mitochondrial uncoupling, as evidenced by mRNA abundance of UCP2, the inner mitochondrial membrane uncoupling protein whose physiological role is to mediate regulated proton leak (65) . In a rat model of kidney transplantation, UCP2-mediated mitochondrial uncoupling was accompanied by increased kidney oxygen consumption, and decreased kidney pO 2 was observed as an early event (66) .
We found both apoptosis and necroptosis pathways to be upregulated in TCMR. Both pathways of regulated cell death have been shown to be involved in preclinical models of acute kidney injury (67) . These 2 forms are not mutually exclusive and can coexist. Our observation that caspase 9, the mitochondrial apoptosis-initiator caspase, is not high in TCMR compared to Normal suggests that cellular stress-activated apoptosis is not the major apoptotic pathway of cell death in TCMR. This is consistent with evidence showing that the Figure 11 . A model for innate immune system activation in TCMR. At transplantation, allograft resident donor DCs migrate to host secondary lymphoid organs and function as antigen-transporting cells. Host T cells recognize intact donor HLA on donor DCs (direct allorecognition) or host DCs (semidirect allorecognition). Donor HLA can also be internalized by host DCs, processed, and presented as peptide fragments along with host HLA; self-MHC-restricted host T cells then recognize the peptide fragments presented by the host DCs (indirect allorecognition). Before antigen presentation, DCs, the key component of innate immune system, need to transform from an immature antigen-capture phenotype to a mature T cell-activation phenotype. Peritransplant tissue injury and ensuing inflammatory microenvironment cause DC maturation and priming of the adaptive immune system, resulting in clonal expansion and differentiation of T cells. Immunosuppressive drug therapy keeps the immune system relatively quiescent. Any compromise to this stable immunosuppressed state (Figure 8 ) activates alloreactive T cells that cause tissue injury, probably at a low level. In this context, increased cellular calcium flux (Supplemental Tables 11 and 12 ) results in increased ER stress (Supplemental Table 13 ). The high energy demand leads to increased cellular oxidative stress (Supplemental Table 14 ) and mitochondrial stress, resulting in reduced cellular peroxisomes and mitochondrial energy production (Supplemental Tables 15 and 16 ), and generation of reactive oxygen species. Products of cellular damage (DAMPs; Supplemental Tables 8-10) are sensed by PRRs (Supplemental Tables 2-7) , predominantly expressed on DCs and macrophages, leading to a fullfledged activation of the innate immune system. The resultant inflammatory response generates costimulatory signals (Figure 10 ) for T cell clonal expansion and differentiation. The energy deficit compromises several key metabolic pathways within the graft (Figure 9 ), resulting in graft dysfunction. Tissue injury and graft dysfunction further increases the cellular stress, thus amplifying the feed-forward loop.
perforin/granzyme pathway utilized by cytotoxic T cells activates caspase 3 directly and does not require activation of caspase 9 (68) . The lack of activation of caspase 9 also suggests resilience of target cells and could partly explain the immediate improvement in kidney function following quenching of inflammation with antirejection treatment. Because autophagy and mitophagy are critical cytoprotective processes to scavenge ROS-damaged cellular organelles and reduce further ROS production (69), the mechanistic basis for tissue injury in TCMR could be explained by our finding of lack of activation of autophagy and mitophagy and hence a dysfunction in damaged-organelle clearance in TCMR. While the precise reasons for lack of induction of autophagy and downregulation of mitophagy in TCMR are not known, preclinical studies suggest a role for tacrolimus in the induction of autophagy (70) . The potential for pharmacological manipulation of these pathway as a damage-limiting strategy in TCMR needs further exploration.
Our analysis confirmed that the increased expression of genes in TCMR was independent of time from transplantation. Also, comparison with native nontransplant kidneys revealed that the innate immune system was upregulated in TCMR rather than downregulated in Normal. Accordingly, our working model for the activation of the innate immune system in TCMR begins with a breach in the stability of drug-induced suppression of the immune system (Figure 11 ). Because the initial interaction between the DCs and naive T cells happens immediately after the transplantation (71) and the activated alloreactive T cells are maintained in a quiescent state by immunosuppressive drugs, it is likely that underimmunosuppression triggers a low-level tissue injury by the alloreactive T cells. This tissue injury initiates a cascade of events that activates the innate immune system, which culminates in costimulatory signals for the full activation of T cells. Interestingly, calcineurin/NFAT signaling is not related to T cells alone and recent studies have shown that it also contributes to innate immunity and regulates the homeostasis of innate cells (22, 72) . Similarly, mycophenolate inhibits the differentiation, maturation, and allostimulatory function of human DCs (73) . The resulting cellular injury increases DAMPs that further activates the innate immune system in a feed-forward loop. That such a compromised immunosuppressed state can cause rejection is supported by clinical studies documenting increased risk of rejection in immunosuppression minimization/withdrawal protocols (74) .
Our study has limitations. Not every differentially abundant mRNA needs to be different at the protein level. However, the coordinated expression of multiple genes in multiple pathways as well as the differences in the abundance of proteins of key innate immune system mRNAs suggests this to be an unlikely scenario. Moreover, the cascade of events in the activation of the innate immune system that we report here in humans has been elegantly developed in animal models. Biopsy is typically a small piece of tissue and need not represent the processes within the entire allograft. Also, we provide a cross-sectional view of the transcriptome; thus, an association rather than causality can be claimed. An unresolved issue, in view of the cross-sectional nature of our study, is when the increase in mRNA abundance witnessed in TCMR occurs. In view of the clinical studies of urinary chemokines showing molecular quiescence in those who subsequently develop AR (41, 75) , it is possible that the increased expression is proximate to TCMR. We are unable to assess if any or all innate immune pathways are essential for TCMR. In animal models, skin and cardiac allografts without evidence of inflammation are vigorously rejected by transferred T cells or when recipients are reconstituted with T cells at a physiologic rate by nude bone graft transplantation (76) . In contrast, emerging studies in animal models have provided compelling evidence that innate cells engage in allorecognition and this form of nonmicrobial, nonself-recognition, referred to as innate allorecognition, plays an important role in rejection (77) .
In summary, we utilized the high resolution of RNA sequencing to investigate human kidney allografts and provide a landscape of innate immune system gene expression patterns and strength in kidney recipients with biopsies manifesting TCMR or Normal features. Our analyses suggest an active innate immune system during an episode of TCMR in human kidney recipients. Therapies targeting the innate immune system are extensively used for autoimmune diseases. Our data provide a compelling argument for repurposing such drugs to prevent or treat allograft rejection in the clinical setting.
Methods
Study group, kidney allograft biopsies, and RNA sequencing. We performed kidney allograft biopsies under ultrasound guidance. A portion of the biopsy tissue was immediately immersed in RNAlater RNA stabilization solution (Life Technologies) and stored at -80°C. From the stored samples, we isolated total RNA using the miRNeasy Mini Kit (Qiagen). We used the TruSeq sample preparation kit v2 (Illumina) to prepare individual cDNA libraries from 400 ng total RNA from each sample. Briefly, this consists of poly-A selection of mRNAs and conversion to single-stranded cDNA using random hexamer primers followed by second-strand generation to create double-stranded cDNA. Sequencing adapters were then ligated to the fragmented cDNA. This was followed by PCR amplification and pooling of the libraries. We sequenced the biopsy samples in 2 different batches as part of a larger RNA sequencing study. The first batch (10 TCMR and 5 Normal) was sequenced as single-end, 6 pooled libraries per lane of a flow cell, on a HiSeq 2500 (Illumina) sequencer. The second batch (6 TCMR and 13 Normal) was sequenced as paired-end, 10 pooled libraries per lane of a flow cell, on a HiSeq 4000 sequencer. The raw sequencing data were stored in FASTQ format.
Sequencing data analysis. Data processing of all samples was done using the same analysis pipeline. Quality control of FASTQ data was performed using FastQC:Read QC (78) and adapter sequences, if any, were removed with trimmomatic (79) . The 101-bp single-and paired-end reads were then aligned to human genome (GRCh37/hg19 assembly) using Tophat2 (80) . The human UCSC reference annotation was used to align and quantitate the transcripts. The overall mapping rate was 91.8% ± 3.9% (mean ± SD). Transcript assembly and abundance were determined using Cufflinks (81) . The hg19 genes file was used as reference annotation guide to determine the FPKM for each transcript with the Cufflinks and raw counts with HTseq (82) . We further established that normalization by library size, TMM (weighted trimmed mean), and log 2 transformation of raw counts, as described in the edgeR user guide (83) , were sufficient to remove the potential batch effects. After removal of duplicate transcripts and retaining genes with at least 1 CPM in one sample, the initial transcript size of 22,582 was reduced to 16,381. Differential RNA sequencing analysis was performed with edgeR (83) . We performed Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis using the R packages GAGE (84), limma (85) , and pathview (86) . We have deposited the RNA sequence data in NCBI's Gene Expression Omnibus (accession number GSE131179).
Statistical analysis. We used edgeR to determine FCs (83) . edgeR fits a negative binomial model of the sequence data and derives probability values for differential expression using an exact test. Probability values were adjusted for FDR; P-FDR < 0.05 was considered statistically significant.
Study approval. Kidney recipients reported herein provided written informed consent to participate in the study, prior to their inclusion in the study. Our Institutional Review Board approved the study. The clinical and research activities that we report here are consistent with the principles of the Declaration of Helsinki (87) .
